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Objective: To visualize and quantify the atrioventricular conduction axis in the
setting of ventricular septal defect using phase contrast computed tomography.
Methods: We used the SPring-8 synchrotron radiation facility in Hyogo prefecture
in Japan, processing and reconstructing the data with 3-dimensional software.
Results:We studied 8 hearts obtained from patients known to have had ventricular
septal defects, aged from 6 to 150 days, with a median of 24.5 days. None of the in-
dividuals, however, had undergone corrective surgery. The penetrating bundle was
found at a median of 1.43 mm from the septal crest, with a range of 0.99 to 1.54 mm.
The distance to the nonbranching bundle to the right ventricular endocardium was
1.10 mm, with a range from 0.49 to 2.49 mm, to the origin of the left bundle branch
was 2.46 mm, with a range from 1.7 to 3.18 mm, and to the origin of the right bundle
branch was 2.34 mm, with a range from 0.50 to 2.59 mm. The median distance from
the edge of the caudal limb of the septomarginal trabeculation to the right bundle
branch was 1.04 mm, with a range from 0.81 to 1.16 mm.
Conclusions: We were able to show the precise location of the axis, with our find-
ings suggesting that longitudinal sutures placed along the posteroinferior rim
should be effective in avoiding iatrogenic injury, but sutures should not be placed
in the valley between the limbs of the septomarginal trabeculation. (J Thorac Car-
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uCENTRAL MESSAGE
Use of phase contrast computed to-
mography revealed the precise location
of the atrioventricular conduction axis in
the setting of ventricular septal defect,
providing information that should help
surgeons repair such defects without
producing any conduction disturbance.PERSPECTIVE
Although now a rare occurrence, iatrogenic heart block
remains a risk factor for surgical closure of ventricular
septal defects. Our findings validate the previous histolog-
ic investigations, permitting the location of the conduc-
tion axis to be assessed in the setting of 3-dimensional
reconstructions and helping surgeons close such defects
without fear of producing any conduction disturbance.
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Congenital Yoshitake et alUsing histologic analysis, the location of the atrioventric-
ular conduction axis relative to the crest of the ventricular
septum was well demonstrated in the 1960s in the setting
of ventricular septal defect.1,2 These studies showed that,
in perimembranous defects, which are the most frequent
phenotypic type of defect, the axis penetrates through the
fibrous area of valvar continuity that forms the posteroinfe-
rior margin of the defects, where it is at greatest risk of iat-
rogenic damage.3 The precise distance of the nonbranching
and branching components of the axis from the crest of
the deficient septum, however, have still to be determined,
although there is evidence that the use of X-ray phase-
contrast computed tomography could provide this informa-
tion.4,5 We have, therefore, used this technique to visualize
and quantify the precise location of the axis, hopefully
providing surgeons with information to close such defects
without fear of producing conduction disturbance.METHODS
Institutional review board approval was granted October 16, 2015 (num-
ber 815 in National Center for Child Health and Development). We ob-
tained 8 hearts from patients who died with ventricular septal defects
(Table 1). The ethical committees of the participating hospitals approved
our study, waiving the requirement of consent from the family of the
deceased. We imaged the hearts using an X-ray Talbot grating interferom-
eter at the beamline BL20B2 in a SPring-8 synchrotron radiation facility in
Hyogo prefecture in Japan. The details of the system, which are markedly
different from standard clinical computed tomography, have been
described in detail elsewhere.4 The image processing and analysis haveTABLE 1. Demographics of the specimens
Specimen
no. BW, kg
Year of
autopsy Age, d Sex VSD type Othe
1 2.65 1972 6 M pm out ASD
2 2.95 1979 30 M pm out
(malaligned)
PDA
3 1.4 1975 6 F pm out ASD
4 2.63 1980 19 F pm out ASD
5 3.75 1977 150 M pm PDA
6 3.36 1979 66 M pm out ASD
7 1.02 1979 8 F pm out AS, P
8 3.3 1983 30 M pm out ASD
BW, Body weight; VSD, ventricular septal defect;M, male; pm, perimembraneous; ASD, at
cava; TEF, tracheoesophageal fistulae; s/p, postoperative status; F, female; CoA, coarctati
2 The Journal of Thoracic and Cardiovascular Surgeralso been described in detail elsewhere.5 The data obtained were processed
and reconstructed using version 6.3.0.0 of Amira, along with the Micro-
scopy Image Browser (http://mib.helsinki.fi/index.html)6 and Drishti
(https://github.com/nci/drishti).7 In brief, reconstructed volumes were con-
verted to 16-bit tagged image file format slices. The slices were then recon-
structed to show the boundaries of the septal defects (Figure 1). When
segmenting the axis itself, we distinguished between the penetrating
bundle, its nonbranching component, and the right and left bundle branches
(Figure 2). We also segmented the septomarginal trabeculation, known as
the septal band (Figure 3).8RESULTS
Wewere able to identify the conduction axis in 7 of the 8
specimens, all having perimembranous defects opening to
the outlet of the right ventricle between the limbs of the sep-
tomarginal trabeculation (Figure 3). In all the specimens,
the atrioventricular node was located at the apex of the tri-
angle of Koch. The axis then penetrated through the area of
fibrous continuity between the leaflets of the mitral,
tricuspid, and aortic valves that formed the posteroinferior
border of the defect. A relatively long nonbranching
component was then found descending down the caudal
margin of the defect, before the origin of the left bundle
branch, which cascaded down the left ventricular aspect
of the septum (Figure 3, upper right-hand panel). The con-
duction axis then continued as the right bundle branch,
which extended along the inferior border of the defect
before turning down into the right ventricle beneath the
medial papillary muscle (Figure 3, upper left-hand panel).
The Amira reconstruction then made it possible for use to
reorient the dataset to provide the view as seen by the sur-
geon working in the operating room (Figure 3, lower left-
hand panel). The dataset could also be turned to view the
crest of the septum as seen from its cranial aspect. As ex-
pected, the ventricular components of the conduction axisr cardiac anomalies Other anomalies
, PDA, PLSVC Anal atresia, TEF, s/p gastrostomy and colostomy
s/p pulmonary artery banding, bilateral inguinal
hernia
, PDA, PLSVC 4p del syndrome, meconium aspiration syndrome
, PDA, PLSVC
s/p diaphragmatic hernia repair, hypospadias
, CoA, PDA, PLSVC 18 trisomy, multiple anomalies, Meckel’s
diverticulum, malrotation of the mesenteries,
ectopic pancreas, etc
DA, ASD, PFO 18 trisomy, TEF, Meckel’s diverticulum,
malrotation of the mesenteries, horseshoe
kidney, multiple anomalies
, PDA, MS
rial septal defect; PDA, patent ductus arteriosus; PLSVC, persistent left superior vena
on of the aorta; AS, aortic stenosis; PFO, patent foramen ovale; MS, mitral stenosis.
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FIGURE 1. The reconstructed block removed from the heart using Drishti
software. Each number corresponds to the numbers in Figure 2.
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Yoshitake et al Congenitaloccupied the crest of the muscular ventricular septum
(Figure 3, lower right-hand panel; Figure 4, specimen #1).
When assessing all 7 hearts in which it had been possible
to discriminate the conduction axis (Figure 3), we found
variation in the location of all its components. The median
distance of its penetration from the right-sided endocardial
surface of the area of fibrous continuity was 1.10 mm, with
an interquartile range from 0.49 to 2.49 mm. The greatest
degree of left-sided deviation was found at the level of
origin of the left bundle branch. This was measured at a me-
dian of 1.43 mm to the left of the septal crest, with an inter-
quartile range from 0.99 to 1.54 mm. As measured from the
endocardium on the right ventricular surface of the septum,
the median value was 2.46 mm, with an interquartile range
from 1.7 to 2.49 mm. At the origin of the right bundle
branch, the axis was 2.34 mm from the right ventricularFIGURE 2. Cross-sectional images yielded by phase contrast computed tomog
outline. Measurements in these images showed that the median distance from th
of fibrous continuity between the leaflets of the mitral and tricuspid valves was 1
white double-headed arrow in the second panel. As measured from the endocard
left bundle branch, themedian valuewas 2.46mm, with an interquartile range fro
the VSD crest in the third panel. With regard to the situation at the origin of the
tricular endocardial surface, with an interquartile range from 0.5 to 2.59 mm. Th
VSD, Ventricular septal defect.
The Journal of Thoracic and Cendocardial surface, with an interquartile range from 0.5
to 2.59 mm (Figure 3).
Having taken origin from the axis, the right bundle
branch coursed through the valley formed between the
limbs of the septomarginal trabeculation (Figure 5). Rela-
tive to the edge of the caudal limb of the septal band, the me-
dian distance was 1.04 mm, with an interquartile range from
0.81 to 1.16 mm.
We were able to make our datasets transparent so as to
visualize the overall axis relative to the borders of the
defect and the crest of the deficient ventricular septum
(Figure 6, right-hand panel). In terms of potential risk of
overall damage, this showed the most vulnerable part of
the axis to be the point of penetration through the area
of fibrous continuity between the mitral and tricuspid
valves. We were also able to insert a hypothetical line
for suturing placed 3 mm from the septal crest. Sutures
place along this line would not have traumatized the
axis (Figure 6, left-hand panel). With regard to the atrial
component of the axis, the distance between the site of
the atrioventricular node and the hinge of the septal leaflet
of the tricuspid valve was 3.1 mm (Video 1).
DISCUSSION
Although now a rare occurrence, iatrogenic heart block
remains a risk factor for surgical closure of ventricular
septal defects.9 The safe distance for suturing relative to
the ventricular septal crest will, of course, depend on the
size of the patient. It is currently recommended by some
that stitches should be placed from 5 to 7 mm below the
rim of the septum until the suture line reaches the medial
papillary muscle.10 Our reconstructions validate these pro-
posals. An alternative recommended technique is to use in-
terrupted pledgeted mattress sutures placed through the
septal leaflet of the tricuspid valve in the area of theraphy showing the segmentation of the conduction axis colored with a red
e right-sided endocardial surface of the area of penetration through the area
.10 mm, with an interquartile range from 0.49 to 2.49 mm, as shown by the
ium on the right ventricular surface of the septum at the level of origin of the
m 1.7 to 2.49mm, as shown by thewhite horizontal double-headed arrow in
right bundle branch, the axis at this point was 2.34 mm from the right ven-
is is shown by the distance between the 2 white arrows in the fourth panel.
ardiovascular Surgery c Volume-, Number- 3
FIGURE 3. The images show the reconstructed block and the segmented regions as viewed from the right ventricular side (upper left-hand panel), the left
ventricular side (upper right-hand panel), by the surgeon in the operating room (lower left-hand panel), and from above (lower right-hand panel). The axis
has been colored red and the right bundle branch green.
FIGURE 4. The images show the reconstructed blocks from each specimen viewed from above to show the relationship between the conduction axis,
shown in red, and the crest of the ventricular septum, shown by the blue line. The greatest degree of left-sided deviation is at the level of origin of the
left bundle branch. Relative to the crest of the ventricular septum, this was measured at a median of 1.43 mm, with a range from 0.99 to 1.54 mm. Each
number represents the number of the specimen.
4 The Journal of Thoracic and Cardiovascular Surgery c- 2020
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FIGURE 5. The images show the reconstructed blocks as viewed from the right side to show the relationship between the right bundle branch and the valley
between the limbs of the septomarginal trabeculation. When measured relative to the edge of the caudal limb of the septal band, the median distance was
1.04 mm, with an interquartile range from 0.81 to 1.16 mm. Each number represents the number of the specimen.
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Yoshitake et al Congenitalposteroinferior margin of the defect, continuing to use such
pledgeted sutures along its inferior margin.11 Despite these
recommendations, right bundle branch block continues to
be a potential problem when using a right atrial approach.
If it occurs, then such disturbances of conduction canFIGURE 6. Using the Drishti software, we were able to simulate surgical closu
between themitral and tricuspid valves as seen in the operating room, and the left
suture line 3 mm from the septal crest. As can be seen, sutures placed along this
shows the distance between the site of the atrioventricular node and the hinge of th
The Journal of Thoracic and Cbe associated with right ventricular dysfunction.12,13 Mod-
ifications have now been proposed to prevent this
complication.14,15
We have now shown that the axis is deviated furthest
from the crest of the ventricular septum at the level ofre of the defect. The right-hand panel shows the area of fibrous continuity
-hand panel shows the view from the left ventricle.We placed a hypothetical
line would not have traumatized the axis. The white double-headed arrow
e septal leaflet of the tricuspid valve.Thiswasmeasured at 3.1mm(Video1).
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VIDEO 1. The video shows the reconstructed block created by 3-dimen-
sional software simulating surgical closure of the defect. We are able to
know the relationship between the hypothetical suture line and the conduc-
tion axis. Video available at: https://www.jtcvs.org/article/S0022-5223(20)
30436-0/fulltext.
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Congenital Yoshitake et alorigin of the take-off of the left bundle branch. It is this
component of the axis, from its point of penetration, that
is most vulnerable to damage during surgical repair. All
our specimens were from infants with a body weight of
less than 4 kg. In this setting, our measurements indicate
that a longitudinal suture line placed at least 3 mm from
the right endocardial surface should ensure that trauma
is avoided during repair. All our specimens, furthermore,
had perimembranous defects opening to the outlet of the
right ventricle. In all, the right bundle branch took its
origin from the axis exactly at the valley formed between
the limbs of the septomarginal trabeculation. It follows,
therefore, that care should be taken to ensure that sutures
are not placed at this key point.
We recognize that our studies using phase-contrast
computed tomography do no more than validate the previ-
ous histologic examinations.2,16 The advantage of our
technique is that the reconstructed dataset can be manipu-
lated so as to show views from various aspects, including
the view obtained by the surgeon working in the operating
room. At the moment, we have studied only hearts with
perimembranous defects opening to the right ventricular
outlet. The differences in the location of the conduction
axis in this setting are relatively minimal. It will now be
important to provide comparable datasets for perimembra-
nous defects opening centrally, or to the right ventricular
inlet, as well as studying lesions such as tetralogy of Fal-
lot, transposition, or double outlet right ventricle. It will be
even more important to conduct similar studies in lesions
such as congenitally corrected transposition, where uncer-
tainty still remains regarding the location of the conduc-
tion axis when this segmental combination is found in
the setting of mirror-imaged atrial arrangement. The tech-
nique should also permit assessment of the influence of
ventricular topology in the setting of isomerism of the
atrial appendages.17,18 In this way, we hope to assemble6 The Journal of Thoracic and Cardiovascular Surgera library of specimens showing the location of the conduc-
tion axis in the congenitally malformed heart. Such a li-
brary would be a significant educational tool for all
those involved with the diagnosis and treatment of those
born with these lesions.
We recognize that the technique we used has its limita-
tions. All the specimens we examined had been fixed with
formaldehyde, which could have produced differences in
terms of the measurements made when compared with
living hearts. If the resolution of computed tomography
continues to improve, then ideally it should be possible to
visualize the conduction axis in the living heart. This, of
course, would be the ideal situation. We should also empha-
size that phase contrast computed tomography is a research
tool and is not available for use in the clinical setting. It re-
mains to be seen whether, with advances in the resolution of
machines used for clinical purposes, it will prove possible to
demonstrate the location of the conduction axis as a preop-
erative investigation.Conflict of Interest Statement
Authors have nothing to disclose with regard to commercial
support.
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Use of phase contrast computed tomography revealed the precise location of the atrioventricular
conduction axis in the setting of ventricular septal defect, providing information that should help
surgeons repair such defects without producing any conduction disturbance.The Journal of Thoracic and Cardiovascular Surgery c- 2020
